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Polyvalent interactionIntrinsically disordered proteins (IDPs) and intrinsically disordered protein regions (IDPRs) are
important constituents of many protein complexes, playing various structural, functional, and reg-
ulatory roles. In such disorder-based protein complexes, functional disorder is used both internally
(for assembly, movement, and functional regulation of the different parts of a given complex) and
externally (for interactions of a complex with its external regulators). In complex assembly,
IDPs/IDPRs serve as the molecular glue that cements complexes or as highly ﬂexible scaffolds.
Disorder deﬁnes the order of complex assembly and the ability of a protein to be involved in poly-
valent interactions. It is at the heart of various binding mechanisms and interaction modes ascribed
to IDPs. Disorder in protein complexes is related to multifarious applications of induced folding and
induced functional unfolding, or deﬁnes the entropic chain activities, such as stochastic machines
and binding rheostats. This review opens a FEBS Letters Special Issue on Dynamics, Flexibility, and
Intrinsic Disorder in protein assemblies and represents a brief overview of intricate roles played
by IDPs and IDPRs in various aspects of protein complexes.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Recent years clearly showed that the universe of functional pro-
teins includes ordered, partially ordered, and completely disor-
dered species. The structure-less intrinsically disordered proteins
(IDPs) and intrinsically disordered protein regions (IDPRs) are com-
monly found in various proteomes [1–6], where they functionally
complement ordered proteins and domains, typically playing
important roles in cell signaling, as well as regulating and control-
ling various crucial biological processes [7–19]. IDPs/IDPRs are
very promiscuous binders that are constantly involved in various
interactions with diverse partners [20,21] and are known to play
key roles in protein–protein interaction networks [13,22–26].
Since IDPs/IDPRs are structurally heterogeneous [7,27,28], their
functions may arise from a speciﬁc disordered form, from
inter-conversion between disordered forms, and from transitions
between disordered to ordered or ordered to disordered states
[16,17,29–31]. Furthermore, a template-dependent folding of some
IDPs deﬁnes their ability to bind to multiple partners, gaining very
different structures in the bound state [12,32], and thereby being
able to possess unrelated, even opposite functions [33]. Themultifaceted disorder deﬁnes the multifaceted functionality of
IDPs and IDPRs, which can act as entropic chains (linkers, clocks,
bristles), display sites (target sites for post-translational modiﬁca-
tions), effectors (modulators of the functionality of partners), or
scavengers (capturers and storages of small ligands) [33].
Furthermore, large multiprotein complexes also take advantage
of intrinsic disorder, where IDPs/IDPRs often serve as assemblers
by assisting assembly [33].
Intrinsic disorder plays a number of important roles in organi-
zation, maintenance, and control of protein complexes, ranging
from transient signaling complexes to stable oligomers. In relation
to protein complexes, there are two different types of functional
disorder: internal, which is disorder used for assembly, movement,
and functional regulation of the different parts a given complex,
and external, whose major role is in deﬁning the interaction of this
complex with external regulators. Irrespective of this inter-
nal/external classiﬁcation, intrinsic disorder has three global func-
tional implications in protein complexes, playing various
structural, functional, and regulatory roles. This idea is illustrated
by Fig. 1 that represents an oversimpliﬁed scheme of the involve-
ment of intrinsic disorder in assembly, function, and regulation
of protein complexes (Fig. 1A), while Fig. 1B shows this involve-
ment in more detail. Some of the features shown in this ﬁgure
are discussed in sections below.
Fig. 1. Various functional structural and regulatory roles of intrinsic disorder in
protein complexes. (A) General overview. (B) Illustration of basic entropic activities
and roles based on disorder-to-order and order-to-disorder transitions.
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2.1. Binding-induced folding of IDPs/IDPRs as molecular glue
cementing protein complexes
It is well-known that protein complexes can be formed follow-
ing two-state or three-state mechanisms [34–36]. The two-state
mode of the protein complex formation is related to the scenario
where the protomers are disordered in their unbound forms and
fold at the complex formation (see Fig. 2A, right side). In other
words, protomers of the protein complexes that are formed via a
two-state mechanism are intrinsically disordered in their uncom-
plexed form and clearly undergo the binding-induced folding at
the complex formation [37]. On the contrary, in the three-state
mechanism, the complex is formed from the independently folded
individual chains (see Fig. 2A, left side) [34,35]. Obviously, many
complexes cannot be formed by these two mechanisms alone,
and in reality some mutual adjustment and co-folding are required
for almost any complex formation.
Comparative structural analysis of protein complexes formed
via the two-state and three-state mechanisms revealed that their
monomers possess very distinctive features, with the per-residue
interface and surface areas of protomers that form the
three-state oligomers being signiﬁcantly smaller than those of
the protomers that form the two-state complexes [36]. As a result,
in the per-residue surface area versus the per-residue interface area
plot, the two-state and three-state complexes occupy very differ-
ent areas. Here, the IDPs forming the two-state complexes occupy
a broad area in the top-right part of the plot where the protomerswith extended shapes and large interface areas are located,
whereas the ordered proteins that from complexes in a
three-state mechanism are found within the bottom-right corner
corresponding to the more globular and compact protomers [36].
These two types of protomers are separated by a boundary line
deﬁned by the fact that the maxima of per-residue surface and
interface areas for stable monomers lie around 80 Å2 [36].
Therefore, the per-residue surface area versus the per-residue
interface area plot can be used for differentiation of two-state
and three-state protein complexes with known 3-D structure
(see Fig. 2B). The idea of large surface areas serving as identiﬁers
of IDPs that fold at complex formation is further illustrated by
Fig. 2C that represents the results of the computational ‘‘disassem-
bly’’ of a eukaryotic ribosome [38]. It is clear that almost all of the
individual ribosomal proteins do not have a simple globular struc-
ture (i.e., structure that deﬁnes the smallest accessible area), but
they do possess very unusual shapes [38]. These peculiar mostly
non-globular shapes indicate that many ribosomal proteins are
involved in the formation of the two-state complexes. Very similar
behavior was also emphasized for the nucleosome-forming core
histones [39]. It is clear that the ability of IDPs/IDPRs to be involved
in the binding-induced formation of the sophisticated highly inter-
twined structures, where different parts of a given IDP penetrate to
binding pockets of different protomers, can be considered as a
molecular glue or cement that becomes rigid once the complex
forms and thereby serves as a crucial means for stable complex
formation.
2.2. Disorder and binding chain reactions
IDP-based complex formation frequently involves at least par-
tial folding of IDPR(s) into speciﬁc structures [16,17,29–31,37,40–
45], and the disorder-based interactions are characterized by
adaptability, promiscuity, and ability of a given IDPR to fold differ-
ently upon binding to different targets [12,32]. Also, the ability of
an IDP to partially fold at interaction with its binding partner(s)
opens a possibility of the ‘‘binding chain reaction’’ mechanism
based on the sequential generation of novel binding sites by partial
folding of new disordered partners engaged in the consecutive
interaction with the existing complex [37]. This model is illus-
trated by Fig. 3 which shows how interaction between proteins A
and B induces structural changes in B or/and A, leading to the cre-
ation of new binding site(s) necessary for the additional interac-
tions between A and B that leads to the strengthening of the AB
complex. Alternatively, an activated AB⁄ complex is created, where
a novel binding site is formed for interaction with a new partner C.
At the next stage, some mutual rearrangements take place in the
newly formed ABC complex, leading to the creation of new binding
sites in the activated ABC⁄ complex that is now ready to interact
with a new partner D. Obviously, the stepwise recognition and
binding deﬁnes the timing and speciﬁc order of the assembly of
some complexes, e.g., where C cannot interact with A until the
AB complex is formed (see Fig. 3) [37]. This model can describe
the stepwise directional assembly mechanism of large proteina-
ceous complexes, such as the Bardet–Biedl syndrome (BBS) protein
complex BBSome containing seven BBS proteins (BBS1, BBS2, BBS4,
BBS5, BBS7, BBS8, and BBS9) [46], the intraﬂagellar transport com-
plex [47], the mammalian 20S proteasome [48], and the 60S ribo-
somal subunit [49]. For example, careful mutational analysis
revealed that the BBSome is formed sequentially and directionally,
where the BBS7 interacts ﬁrst with BBS2 and BBS9 to form the
BBSome core that serves as an assembly intermediate, to which
BBS1, BBS5, BBS8, and ﬁnally BBS4 are sequentially added [46].
In line with the stepwise directional assembly model are the
observations on the disassembly of protein complexes that always
occurs sequentially, in such a way that the least amount of buried
Fig. 2. Roles of intrinsic disorder in assembly of protein complexes. (A) Folding-based classiﬁcation of protein complexes that can be formed in a three-state mechanism (a),
where protein folding and binding happen as two independent and subsequent steps. Alternatively, some proteins are formed in a two-state manner (b), where folding and
binding occur simultaneously. (B) Plot of per-residue surface versus per-residue interface areas. Surface and interface area are normalized by the number of residues in each
chain for the ribosomal proteins that were estimated as described in [36]. Proteins of the 40S and 60S subunits are shown by red and blue circles, respectively. A boundary
separating ordered and disordered complexes is shown as black dashed line. (C) Computational disassembly of the eukaryotic ribosome from the yeast Saccharomyces
cerevisiae (PDB ID: 3U5C and 3U5E; [136]). Structure of the proteinaceous component of the ribosome is shown at the center of the plot as a large complex, and structures of
the individual ribosomal proteins are positioned around this central complex. The ﬁgure clearly shows that there are almost no ribosomal proteins with simple globular
shape, and many of them contain long protrusions or extensions.
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tion of a complex follows a speciﬁc pathway where at each disas-
sembly step, the smaller interfaces are broken, whereas the larger
interfaces are preserved [53,54]. Curiously, this disassembly sce-
nario suggests that the reverse process, the assembly of a complex,
should be initiated by the formation of a sub-complex with the lar-
gest interface. Since the largest interface typically originates from
the binding-induced folding of IDPRs [36] (see also Fig. 2), the ﬁrst
steps in the complex formation are inevitably associated with the
interactions between the disordered monomers leading to the for-
mation of the two-state multimers via binding-induced folding
[37]. In other words, IDPs/IDPRs are at the core of the protein com-
plex assembly.2.3. Role of intrinsic disorder in the multiform binding mechanism
The described above sequential binding mechanism, where the
binding-induced folding of IDPs/IDPRs plays a central role in the
assembly of protein complexes, is not the only way of how intrinsic
disorder can be utilized in the stepwise complex formation. In fact,
IDPRs are needed for the multiform binding mechanism, where the
complex formation between an IDP and its ordered target leads to
conformational changes in a target and to the opening of a hidden
binding site [37,45]. Here, a protein complex is formed sequen-
tially, in a stepwise manner, via the emergence of binding interme-
diates which leads to the structural rearrangements in a partner
molecule accompanied by the exposure of ‘‘hidden’’ binding site,
Fig. 3. Model of the binding chain reaction. Reproduced with permission from [37].
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Fig. 4 illustrates this model by showing two oversimpliﬁed scenar-
ios of an IDP binding to an ordered partner with a ‘‘hidden’’ binding
site. In the ﬁrst case, formation of a binding intermediate deﬁnes a
crucial pause needed while waiting for the opening of the origi-
nally closed binding site (Fig. 4A). In the second case, the complex
formation involves two sequential binding intermediates (Fig. 4B),
with the emergence of a second intermediate being required for
stabilization of the open state of the partner that provides an
access to the originally hidden binding site. Obviously, more com-
plex mechanisms are possible as well. It is important to note that
the aforementioned ‘‘hidden’’ binding in the ordered partner of
an IDP site can be open either spontaneously or as a result of allos-
teric interaction [37].
2.4. Intrinsic disorder and polyvalent interactions
Quite often, disorder-based complexes are formed via the IDP(s)
wrapping around binding partner(s) [20]. These are polyvalent
complexes where several different segments of an IDP interactFig. 4. Two models illustrating multiform binding mechanism, where the interac-
tion occurs between an IDP and an ordered partner with a ‘‘hidden’’ binding site. (A)
A simple model of interaction with one binding intermediate. (B) A more complex
model with two sequential binding intermediates. Reproduced with permission
from [37].with disjoint and spatially distant binding sites on the surface of
the binding partner. Mechanistically, there are at least two differ-
ent interaction modes that deﬁne the formation of such polyvalent
complexes, namely semi-static and dynamic.
2.4.1. Semi-static polivalent complexes
In semi-static polyvalent complexes, the ordered segments of
the wrapping IDPs are connected by the disordered regions, and
the secondary structure elements of such wrappers possess hardly
any intramolecular interactions, instead forming very intensive
intermolecular contacts with a binding partner [20]. One of the
illustrative examples of such semi-static polyvalent complex is
given by protein phosphatase 1–inhibitor 2 complex (PP1-I2 com-
plex) [55]. In this complex, I2 utilizes three disjoined regions, resi-
dues 12–17, 44–56, and 130–169, to simultaneously interact with
three spatially distant PP1 sites, the regulator-binding region, the
RVXF groove, and the substrate-binding cleft, respectively [55].
Although I2 is mostly disordered in the unbound form, its regions
involved in interaction with PP1 gain well-deﬁned structures upon
binding. For example, in the PP1-I2 complex, the ﬁrst I2 binding
region has an irregular structure consisting of a mixture of
hydrophobic associations and hydrogen bonds, the second region
represents a short b-strand followed by a short a-helix, and the
third region has two short a-helices connected by a sort linker
region [55]. Importantly, more than half of I2 remains disordered
even in the bound state, since segments 1–11, 18–43, 57–129,
and 170–206 of I2 are not observed in the crystal structure of
the PP1-I2-complex [55].
Other known examples of the semi-static polyvalent complexes
include calpastatin–calpain [56], p27Kp1–cyclin-dependent kinase
2–cyclin A [57,58], and b-catenin–T cell factor [59]. Furthermore,
many DNA- and RNA-interacting proteins are also ﬂexible wrap-
pers [20]. For example, numerous transcription factors, regulatory
proteins, and other proteins that interact with DNA often contain
multiple zinc ﬁnger motifs connected by ﬂexible linkers and wrap
around the DNA in a spiral manner [60]. Other known DNA wrap-
pers are proteins with AT-hook motifs, such as the HMGA proteins.
A typical AT-hook motif consists of a conserved and palindromic
core Pro-Arg-Gly-Arg-Pro sequence that also includes a variable
number of positively charged Lys and Arg residues on either side
of the core sequence [61]. This AT-hook binds to the adenine–
thymine (AT) rich DNA by adopting a crescent or hook-like struc-
ture around the minor groove of a target DNA [62]. HMGA proteins
contain three AT-hooks, although some proteins contain as many
as 30 [63]. Also, many ribosomal proteins are known to wrap over
the rRNA surface [64–66].
2.4.2. Fuzzy/dynamic polivalent complexes
Another interesting example of semi-static bipartite complex is
given by the interaction of eukaryotic initiation factor 4E (eIF4E)
with eIF4E binding proteins (4E-BPs) which is crucial for the
cap-dependent translation initiation [67]. It is known that three
eukaryotic 4E-BPs and eIF4G share a YXXXXLF eIF4E-binding motif
[68]. Although the ability of this motif to efﬁciently interact with
eIF4E have been known for a long time, the binding of peptides
containing the canonical binding site is signiﬁcantly different from
that of full-length 4E-BPs [69,70], with the afﬁnity of full-length
4E-BPs being approximately two to three orders of magnitude
higher than those of the peptides [70]. Recent NMR analysis
revealed that 4E-BP2 is mostly disordered in solution but contains
signiﬁcant ﬂuctuating secondary structure with a high helical
propensity in the canonical binding site [67]. This protein can efﬁ-
ciently bind eIF4E using a bipartite mode of interaction involving
the canonical 54YXXXXLF60 eIF4E-binding motif and a highly con-
served 78IPGVT82 site [67]. The result of this interaction is a
dynamic or fuzzy complex [71], in which 4E-BP2 maintains a
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of conformations sampled even in its bound state [67]. This bipar-
tite interaction of 4E-BP2 with eIF4E illustrates the ‘‘1 + 1 > 2’’ con-
cept, since each of the two aforementioned binding elements of
4E-BP2 individually has submicromolar afﬁnity, whereas the
full-length 4E-BP2 forms the nanomolar complex with an eIF4E
surface [67]. The dynamic nature of this complex is manifested
by the ability of the 54YXXXXLF60 and 78IPGVT82 sites to efﬁciently
exchange on and off of the eIF4E surface within the context of the
very stable eIF4E-4E-BP2 complex [67].
2.4.3. Dynamic polivalent complexes of shufﬂe or ‘‘hot potato’’ type
An intriguing model of the highly dynamic shufﬂe complex has
been recently proposed to describe the tri-partite interaction of the
intrinsically disordered hNHE1cdt (which is the C-terminal distal
tail, cdt, of the human Na+/H+ exchanger 1, hNHE1) with the
extracellular-signal-regulated kinase-2 (ERK2) [72]. Based on the
NMR analysis it has been concluded that the intrinsically disor-
dered hNHE1cdt has the most NHE1 phosphorylation sites, con-
tains three putative kinase recognition D-domains (D1–D3), and
interacts directly with inactive (ia) ERK2 in a tri-partite Shufﬂe
complex involving a D-domain, an F-site, and a substrate site
[72]. The authors showed that the hNHE1 D-domains play a crucial
role in the ERK2 activation and are involved in the regulation of the
hNHE1 phosphorylation [72]. It has been also emphasized that in
this hNHE1cdt-iaERK2 Shufﬂe complex, several binding sites of
hNHE1cdt are involved in concomitant, non-cooperative,
tri-partite interaction with iaERK2, where the hNHE1cdt sites do
not affect each other and do not cooperate to increase the overall
afﬁnity, but ‘‘shufﬂe’’ dynamically, being sometimes off, sometimes
on, thereby functioning similarly to holding a hot potato [72]. The
authors emphasized that their model is based on the 40-years-old
hot potato hypothesis proposed by Perham to describe channeling of
substrates and intermediates in multi-enzyme complexes [73].
2.4.4. Polivalent inhibitors
Multivalent interactions involving the linked associations of
ligands binding to multiple sites on a receptor confer increased
afﬁnity compared to binding to monovalent receptors [74]. The
idea of cooperative polyvalent binding has been successfully
exploited during the development of the polyvalent inhibitors of
anthrax toxin produced by the causative agent of anthrax,
Bacillus anthracis [75,76]. In its active form, this toxin represents
a complex that consists of a heptamer formed by the
membrane-bound PA63 fragment of the receptor-binding protein,
protective antigen (PA), tightly bound to two bacterial enzymes,
edema factor (EF, which is an adenylate cyclase that has an inhibi-
tory effect on professional phagocytes) and lethal factor (LF, a pro-
tease acting speciﬁcally on macrophages, causing their death and
the death of the host) [77,78]. Although several
peptides-inhibitors have been found that can block the interaction
of the heptameric PA63 with EF and LF, these inhibitors were
shown to bind to their targets with low afﬁnities [75,76].
However, when multiple copies of a peptide that binds weakly to
the heptameric PA63 and prevents its interaction with enzymatic
moieties where covalently linked to a ﬂexible backbone, the result-
ing polymeric, polyvalent inhibitor was shown to prevent assem-
bly of the toxin complex in vitro and blocked toxin action in an
animal model [75,76].
2.5. Different types of disorder-based protein complexes
Disorder-based protein complexes are very diverse [20] and,
depending on the disorder status of the bound constituents, can
be classiﬁed as static or dynamic/fuzzy complexes. A multitude
of binding modes attainable by IDPs has been systemized to forma portrait gallery of disorder-based complexes, with some illustra-
tive members of such assemblies being various static complexes
such as surface-bound molecular recognition features, wrappers,
chameleons, penetrators, huggers, intertwined strings, cylindrical
containers, connectors, armature, tweezers and forceps, grabbers,
tentacles, pullers, stackers of b-arcs, as well as diverse dynamic
complexes, ranging from various fuzzy complexes to cloud con-
tacts, proteins playing interaction staccato, and
polyelectrostatic-type complexes [20]. Also, Fig. 1B shows that
disorder-based protein assemblages can be permanent (e.g., scaf-
folds, stochastic machines, effectors, assemblers, etc.) or transient
(such as display sites, annealers, chaperones, etc.)
3. Intrinsic disorder in functions and regulations of protein
complexes
Fig. 1 shows that in addition to crucial structural roles related to
the assembly of disorder-based protein complexes, IDPs/IDPRs
have numerous functional and regulatory activities in these com-
plexes. Similar to structural roles, these functional/regulatory
activities of intrinsic disorder can be manifested as a result of
disorder-to-order or order-to-disorder transitions, or can have
pure entropic nature. Many of the functions that IDPs/IDPRs play
in protein complexes are similar to the functions traditionally
ascribed to non-complexed IDPs, such as recognition, signaling,
regulation, and control [7,10,13–17,21,30,31,33,79,80]. In fact, the
disorder-based functional control of protein complexes utilizes
IDPRs as speciﬁc means for recognition, regulation, activation,
deactivation, and inhibition; as sites of various posttranslational
modiﬁcations; and as an instrument for the controlled response
to environmental changes. Since the topics of IDP functionality
and control have been, and still are, a subject of numerous research
articles and reviews, interested readers are addressed to the
plethora of papers dedicated to this subject. The sections below
cover some unique aspects related to the involvement of disorder
in function and regulation of protein complexes.
3.1. Scaffolds and stochastic machines
The major functions of scaffold proteins are the activities direc-
ted toward the orchestrating of the ‘‘enforced proximity’’, where
proteins belonging to common and/or interlinked pathways are
brought together by a speciﬁc scaffold protein that directs, coordi-
nates, and regulates their action [81]. The abundance and roles of
intrinsic disorder in members of this crucial functional class of pro-
teins have been described in several articles [81–83]. It has been
emphasized that scaffold proteins selectively bring together speci-
ﬁc proteins within signaling pathways to facilitate and promote
interactions between them, and, thereby, are intimately involved
in temporal, spatial, orientational, and contextual aspects of the
said signaling complex [82]. Among the enforced
proximity-related activities of signaling scaffolds are various
molecular mechanisms related to the use of intrinsic disorder in
ﬂy-casting, allosteric modiﬁcation, structural isolation of partners,
palindromic binding, ease of encounter complex formation, utiliza-
tion of molecular recognition features, modulation of interactions
between bound partners, masking of intramolecular interaction
sites, protection of normally solvent-exposed sites, binding site
overlap, maximized interaction surface per residue, toleration of
high evolutionary rates, reduced constraints for alternative splic-
ing, efﬁcient regulation via posttranslational modiﬁcation, efﬁcient
regulation via rapid degradation, and enhancing the plasticity of
interaction and molecular crowding [82].
Recently, an important role of bivalent and polybivalent scaf-
folds in assembly of protein complexes has been emphasized
Fig. 5. The stochastic machine mechanism. This ﬁgure shows a possible conﬁgu-
ration for the complex involving Axin, b-catenin, GSC-3b, and CKI-a. Axin is shown
with color variation to make its pathway easier to follow. The dashed line
corresponds approximately to the location of the G295-A500 disordered segment
[137]. Axin binds to CKI-a (at two separate sites), to GSK-3b, and also to b-catenin.
Since the b-catenin binding site of Axin is located between the GSK-3b and CKI-a
interaction sites, and since the two binding sites with CKI-a may lead to the
formation of a loop, b-catenin becomes close to both kinases. Hence, the formation
of this b-catenin destruction complex pulls all the proteins together, and substan-
tially raises their local concentrations. Because the phosphorylation sites are in a
disordered region of b-catenin and because the various binding sites are all in a long
disordered region in Axin, random motions of these ﬂexible regions can readily
bring about the substrate–enzyme collisions needed for function. Reproduced with
permission from [100].
V.N. Uversky / FEBS Letters 589 (2015) 2498–2506 2503[74]. Here, two monovalent IDP chains are incorporated into a
bivalent macromolecular scaffold, within which each disordered
chain possesses one binding site. The two IDP chains involved in
the formation of such a bivalent scaffold are linked via binding to
a dimeric protein with two symmetrical binding sites or by
self-association [74]. Curiously, the formation of bivalent scaffolds
might result in a duplex with multiple additional bivalent sites,
creating a polybivalent scaffold, and promote subsequent
self-association and/or higher order organization of the IDP com-
ponents [74]. The formation of a bivalent scaffolds are not neces-
sarily accompanied by detectable changes in protein structure
and dynamics [74]. Illustrative examples of bivalent and polybiva-
lent scaffolds include complexes between Swallow and LC8,
Nup159 and LC8, and the dynein intermediate and light chains
[74].
3.2. Protein complexes and dormant disorder
Although the well-recognized and broadly accepted output of
an IDP interaction with the binding partner is a disorder-to-order
transition resulting in a (partial) folding of an IDP to more struc-
tured conformation [8,20,84–91], many IDPs/IDPRs remain pre-
dominantly disordered in the bound state, at least outside the
binding interface [92–96]. It has been recently emphasized that
functions of some ordered proteins rely on the decrease in the
amount of their ordered structure [97]. In other words, these
ordered proteins require local or even global functional unfolding,
which has induced nature and transient character [97]. This condi-
tional disorder [98], also known as cryptic or dormant, or transient
disorder or functional induced unfolding [97], can be awoken by
passive environmental factors that are not dependent on any speci-
ﬁc interaction between the protein and its partners, and corre-
spond to modiﬁcation of some global parameters of the protein
environment (e.g., changes in pH, temperature, the redox potential,
mechanical force, or light exposure) and active factors that involve
speciﬁc interaction of a protein with its environment and include
interactions with membranes, ligands, other proteins, nucleic
acids, or various posttranslational modiﬁcations, or the release of
autoinhibition [97]. Some illustrative examples of interaction with
other proteins that cause functional unfolding include the partial
unfolding of BCL-xL induced by PUMA binding, unfolding of target
proteins by ATP-dependent proteases and the mitochondrial
import machinery, action of chaperones with the unfoldase activ-
ity, and transient unfolding of the ﬂagellar protein during their
export [97]. Another example is given by the calmodulin-induced
activation of a vital phosphatase calcineurin, which is a heterodi-
mer of a 19 kDa B chain and a 58–64 kDa A chain consisting of
the catalytic domain, a B chain binding helix, a regulatory domain,
autoinhibitory domain, and a C-terminal tail [99]. The regulatory
domain of calcineurin represents a transiently disordered region,
which, during activation, undergoes a series of conformational
transitions from a folded state, to disordered form, and then back
to folded conformation upon the formation of a ﬁnal complex with
the calmodulin via the ‘‘catch and release’’ mechanism [99].
3.3. Entropic activities of IDPs/IDPRs in protein complexes
3.3.1. Stochastic machines
An extreme case of an intricate role of intrinsic disorder in func-
tion of a highly dynamic signaling complex is given by so-called
‘‘stochastic machines’’ [100]. A founding member of this class of
scaffold proteins is the axis inhibition (Axin) protein that colocal-
izes b-catenin, casein kinase Ia (CKI-a), and glycogen synthetase
kinase 3b (GSK3b) to form a complex crucial for the Wnt signaling
pathway [100]. Here, b-catenin, CKI-a, and GSK3b bind to distant
sites of very long IDPR of Axin, yielding structured domainsconnected by long ﬂexible linkers [100–103]. It was proposed that
this complex represents a ‘‘stochastic machine’’ (see Fig. 5) that
works not by coordinated conformational changes, but by stochas-
tic, uncoordinated movements of the linkers and their bound pro-
teins enabling productive kinase-substrate collisions leading to
phosphorylation [100]. It was also emphasized that there are hun-
dreds of axin-like proteins in the human proteome, suggesting that
the ‘‘stochastic machine’’ mechanism is likely to be exceedingly
common, especially within the disorder-rich eukaryotic cell [100].
3.3.2. Intrinsic disorder in binding rheostats
IDP-based complexes can contain larger or smaller amounts of
ordered structure. However, there are some complexes where
almost no structure is formed in an IDP that binds to an ordered
partner. An illustrative example of such interaction is given by
the polyelectrostatic binding mode, describing the interaction of
a highly charged IDP containing several binding motifs
(cyclin-dependent kinase inhibitor Sic1 that is known to contain
nine phosphorylation sites, each creating a sort linear binding
motif for Cdc4, Cdc4 phospho-degron, CPD) with a folded globular
partner, Cdc4, a substrate recognition subunit of a ubiquitin ligase
containing the single primary binding pocket for CPD [104–107].
Based on NMR analysis it has been concluded Sic1–Cdc4 complex
represents a highly dynamic ensemble where multiple CPDs
exchange in and out of the binding pocket of Cdc4 in such a way
that only directly interacting residues are transiently ordered,
whereas the rest of Sic1 remains disordered [105]. Since the ﬂexi-
bility and disorder of phosphorylated Sic1 make all binding motifs
equally accessible to Cdc4, all the CPDs of Sic1 are able to interact
with Cdc4, one at a time, in a dynamic equilibrium. Weak individ-
ual afﬁnities of these interactions permit the efﬁcient exchange of
bound CPDs. As a result of the fast interconversion between multi-
ple ﬂexible conformations, Sic1 does not present discrete charges
to interact with Cdc4, but generates a mean electrostatic ﬁeld that
originates from the net charge of the whole IDP that helps unbound
phosphates to contribute to the afﬁnity via long-range electrostatic
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Therefore, the highly dynamic Sic1–Cdc4 complex is formed via a
cumulative electrostatic interaction of all Sic1 charges, regardless
of whether they are actually bound to the binding site of the
Cdc4 or not [106,107]. Intriguingly, the fact that Sic1 has many
sub-optimal CPD motifs that act in concert to mediate Cdc4 bind-
ing deﬁnes the ability of Sic1 to serve as a binding rheostat, where
the afﬁnity of the Sic1–Cdc4 complex is directly proportional to the
phosphorylation degree of Sic1, with efﬁcient
phosphorylation-dependent recognition by Cdc4 requiring a mini-
mum of six of the nine CDK phosphorylation sites in Sic1 [108].
3.3.3. IDPs/IDPRs and membrane-less organelles
Recently, we hypothesized that IDPs and hybrid proteins with
long IDPRs can serve as important drivers of the intracellular liq-
uid–liquid phase separations that generate various
membrane-less organelles [109]. Such membrane-less organelles
are formed due to the colocalization of molecules at high concen-
trations within a small cellular micro-domain; they are devoid of
membranes and are highly dynamic, with their components being
involved in direct contact with the surrounding nucleoplasm or
cytoplasm [110,111]. Some of the most known examples of these
organelles are PML bodies or nuclear dots, or PODs [112], perinu-
cleolar compartment [113], the Sam68 nuclear body [113], para-
speckles [114], nuclear speckles or interchromatin granule
clusters [115], nucleoli [116], processing bodies [117], germline P
granules [118,119], Cajal bodies [120], centrosomes [121], and
stress granules [122].
It is believed that these cytoplasmic and nuclear
membrane-less organelles are formed via a common mechanism
related to the intracellular phase transitions [109,123], which
may be triggered by changes in concentration of IDPs, changes in
the concentrations of speciﬁc small molecules or salts, or changes
in the pH and/or temperature of the solution, and can be further
regulated by the various posttranslational modiﬁcations and alter-
native splicing of the phase-forming proteins, or by the binding of
these proteins to some deﬁnite partners [109]. These phase transi-
tions or liquid–liquid phase separations originate from the differ-
ent effects of macromolecules on the structure and solvent
properties of water, and are related to the high concentrations of
macromolecular solutes [109], where at low concentrations of
macromolecules the solution exists as a single phase, while at high
concentrations, phase separation occurs [124]. The formation of
the membrane-less organelles is not accompanied by signiﬁcant
structural changes, as it is often stabilized by patterned electro-
static interactions [125]. The appearance of a new liquid phase in
these systems provides a distinct solvent environment for proteins,
nucleic acids, and other solutes. Differences in solute–solvent
interactions in the two phases commonly lead to unequal solute
distribution. As a result, a new liquid phase may be speciﬁcally
enriched or depleted in particular solutes [109]. In agreement with
these considerations, nuage or germ granules found as
phase-separated organelles in live cells and also formed via a phase
transition of the disordered tails of Ddx4 in vitro were shown to
provide an alternative solvent environment that can concentrate
single-stranded DNA but largely exclude double-stranded DNA
[125].
3.4. Disorder-to-order transitions in SNARE complex and membrane
fusion
The soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) complex is a molecular engine that plays a
crucial role in the vesicle fusion in eukaryotes [126,127]. In neu-
rons, the ternary SNARE complex in neurons contains syntaxin,
synaptobrevin, and synaptosome-associated protein of 25 kDa(SNAP-25) [128]. The members of this complex are differently dis-
tributed between the target plasma membrane and the vesicle
membrane, where a binary complex t-SNAREs consisting of syn-
taxin and SNAP-25 is located on the target plasma membrane,
whereas v-SNAREs (synaptobrevin, also known as VAMP2) is
included in the vesicle membrane [129]. Individual t- and
v-SNAREs are largely disordered and mediate membrane fusion
via binding-induced folding, resulting in the formation of a stable
zipper-like four-helix bundle that brings two membranes into
close proximity for fusion [130–132].
3.5. Intrinsic disorder and partner protection
Finally, an important role of IDPs in protein complexes is related
to their ability to protect binding partners (see Fig. 1B). Some illus-
trative examples include: (i) RNA-binding proteins (which are
often highly disordered) playing crucial roles in the prevention of
genome instability by excluding formation of harmful RNA/DNA
hybrids and by speciﬁc binding to mRNAs, nascent transcripts,
non-coding RNAs, and damaged DNA [133]; (ii) intrinsically disor-
dered cold-regulated (COR) proteins that protect chloroplast mem-
branes during freezing through binding and folding [134]; and (iii)
ubiquitin binding proteins Rhp23, Dph1 and Pus1 from ﬁssion
yeast (all predicted to be mostly disordered) protecting multiubiq-
uitin conjugates against deubiquitination [135].
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